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This thesis introduces a new type of sensor that detects the position information of a para-
magnetic microfiber and transforms it to computational electrical signal. The original purpose of
the sensor is to solve the problem of feedback signal detection of the microfiber control system,
which is the problem of detecting the position information for the microfiber. The microfiber will
be presented as the experimental object of this sensor to test its capability. A novel optical based
approach is used to transfer the position signal to a computer scrutable signal for further analysis.
The purpose of the sensor design comes from the question of how to detect the position
information in the feedback section of the microfiber control system. It is crucial since it provides
the feedback for the whole control system. The information can be difficult to detect since our
microfiber is designed to achieve high frequency (up to 100 ∼ 1000Hz) low range reciprocating
motion and low frequency high range movement in future. Thus, a sensing system is required to be
able to input high speed movement and output analytical electrical signal.
A high-speed camera can be used with an approach of image processing techniques, but
considering the high-end and high-cost camera be applied in a simple purpose as in our system is
inefficient, and another disadvantage relates to the image processing speed will be a limitation which
will affect speed of signal detection.
A general idea of the design of the sensing system is presented in this thesis. The sensor relies
on optical based sensing method. This method with related electronic components is able to sense
fast speed movement and high frequency reciprocating motion. A modulation and demodulation
approach is also included to eliminate the possible noise from the environment. Results are presented
in the thesis to show the effectiveness of the sensing system and to indicate in general the sensor is
providing a robust result for the microfiber’s position analysis.
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The sensing system that is introduced in this thesis is based on an optical sensor that
captures the high speed movement within certain range, inputs the position of the fiber and outputs
voltage electrical signal. The idea comes from designing of the feedback loop of the microfiber
control system. Thus, the sensing system will use the microfiber as the experimental object to test
its behavior.
1.1 Background and Motivation
Optical sensor is commonly used as position detection sensor in many cases [3]. In the
magnetic microfiber control system, the position of a paramagnetic microfiber is controlled by the
magnetic field produced by an electromagnet. In the case of implementation, the microfiber is going
to be able to achieve high-frequency reciprocating motion within a limited position range. While the
magnetic field produced by the electromagnet will be used to control the microfiber to accomplish
slow movement in a comparatively high range to the reciprocating motion. This design is for certain
purposes, i.e., detecting physical bumps on nano-sized surfaces, picking up microscopic tissues and
cells in fluid.
A feedback control system is represented as Figure 1.1. The feedback loop is a common and
powerful tool when designing a control system. Feedback loops take the system output into consid-
eration, which enables the system to adjust its performance to meet a desired output response. [2]








Figure 1.1: Classic Control System
reference which represents our goals. Thus, a feedback loop should be implemented to accurately
control the dynamic behavior of the system.
One important part in the feedback loop of the microfiber control system is an effective
sensing system. This sensing system will provide the feedback signal for the control system. This
sensing system must detect where the microfiber is located and how it moves. For the microfiber
control system, the good sensing system should be able to take the position of the microfiber as a
input and to transfer it to an output that can be further used by the electromagnet for the control.
Therefore, the output needs to be an electrical signal, as long as the electromagnet takes the electrical
signal as its input. Thus, only with some simple transformation from the electrical circuit, the output
of the sensing system can be compatible and be used as the input of the electromagnet.
1.2 Problem Statement
This thesis aims to design a sensing system to be used to detect the position of a microfiber.
The microfiber model is a paramagnetic rigid bar serves as a vertical cantilever, which is shown in
Figure 1.2. The fiber has a 15 ∼ 100µm diameter and a 2.5 ∼ 3.6mm length. Under the control
from an electromagnet on one side, the microfiber is able to achieve a movement at 1 ∼ 2cm and a
back-and-forth reciprocating motion at 50 ∼ 1000mm range. Therefore, the sensing system needs
to meet the requirement that the full movement and the reciprocating motion of the microfiber can
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be detected and measured by the sensing system. Moreover, with the purpose of providing feedback
for the electromagnet, the sensing system can transfer the microfiber’s position data to electrical
data to a reasonable range ready to be used as the electromagnet’s input. Also, the sensing system





Figure 1.2: Microfiber Model
1.3 Related Work
Many researches have presented different sensors that are able to detect the position signal
and output the electrical signals [13]. Those researches can be mainly divided into two different
direction of sensing concepts: capacitance method and optical method.
Capacitance method is one approach that can detect the position and movement of real
object and transform it into a electrical signal. Many products rely on capacitive sensors for detecting
movement, for example, the touchscreen phones employ the idea of capacitance sensing to detect
objects on the touchscreen.
The concept of the capacitive sensors is that those sensors are built with conductive sensing
electrodes in a dielectric, with excitation voltages on the order of five volts level and detection
circuits which turn a capacitance variation into a voltage, frequency, or pulse width variation. In
3
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Figure 1.3: Capacitive Sensor
that case, it detects a change in capacitance when something or someone approaches or touches the
sensor [11].
An often-heard objection to capacitive sensor technology is that it is sensitive to humidity
and needs unstable, high impedance circuits. Very high impedance circuits are needed, but with
proper circuit design and proper printed circuit board layout, capacitive sensors are as rugged as
any other sensor type. They cannot tolerate immersion or condensing humidity, but few circuits can
[10].
A basic capacitive sensor includes a receiver and a transmitter, each consists of metal traces
formed on layers of a printed-circuit board (PCB) (Shown in Figure 1.3). In this case of application,
the circuits apply a consistent voltage across the capacitive layer. When a conductive material or
object, such as our microfiber, gets close enough or touches the sensor surface, it draws current and
causes the electrical frequencies to fluctuate each of the oscillator circuits. A sensing controller in
the circuit can correlate the differences at different places on the capacitive layer to detect and infer
the point or points of contact and movement [18].
However, the range of the capacitive sensors and their specified material for its object apply
limitation for our design. There are two main reasons that it doe4s not fit as the ideal sensor of our
microfiber system:
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1. Capacitive motion detectors can only detect 10−14 ∼ 10−12mm displacements closed to
the sensor receiver with good stability, or even directly touch to the surface of the motion detector
to provide sufficiently large signal. Therefore, this will not allow the sufficient space between the
receiver and the transmitter of the sensor. In another word, for our microfiber control system, the
movement of our microfiber will be limited into a comparative small range, which will be a huge
inconvenience for the final implementation of the microfiber.
2. The microfiber control system use the the variation of the magnetic field to control the
movement of the microfiber. Meanwhile, capacitive sensors detect the capacitance variation and
turn it into voltage. On the physical view, for the magnetic field and capacitive field, both of them
will cause the change of the movement of the electrons in the air. Thus, two variations for two fields
at the same time means disturbance for one and each other, to isolate the change in both of the
fields turns out to be difficult while considering implementation in the electrical aspect.
Optical sensing method is another approach that is able to detect the position and motion of
objects. Optical sensing method refers to two basic approaches: image based approach and optical
based approach. Both of these two approaches are widely used for detecting fast moving objects,
such as our microfiber.
Image based method largely relies on cameras as their sensors, and the most of their outputs
are images. With related image processing algorithms, target objects with certain features can easily
be found. For the example, say, in our microfiber control system, the tip of the microfiber holds the
most significant feature. If we think about a tip of anything in a picture, the tip is the only thing
that on one end is connected to the body of the microfiber and on the other end is surrounded by the
background of the picture. Also, the tip of the microfiber can largely determine the actual position
of the whole microfiber since while the microfiber is in a movement, as a part of the microfiber
itself, the tip will be in the same movement. Thus, finding the position of the tip will be helpful for
detecting the position of the microfiber.
Using image processing algorithms such as Canny Edge Detection or Differential Edge De-
tection are both good ways to detect object that is inconsistent to its environment [9], such as the
tip of the microfiber. We tested the image processing approach with our Pixellink-2200 camera
with several pictures taken from the microfiber during its constant movement both towards and
backwards to the electromagnet. The canny edge detection algorithm is used to detect the tip of the
microfiber, the result of a single position while the microfiber is in a movement is shown in Figure
5
2.7.
(a) Microfiber (b) Horizontal Gradient
(c) Vertical Gradient (d) Result
Figure 1.4: Canny Edge Detection
In Figure 2.7, the area that is highlighted by the white circle in the Figure 1.4d is the tip of
the microfiber that be found by the Canny Edge Detection algorithm, it shows where exactly does
the tip lie and provides the coordinates of the tip in that picture. The algorithm also relates to a
noise elimination approach using Erosion and Dilation algorithm [8].
For our implementation of the microfiber, the motion of the tip can be as fast as over 100Hz,
in a range within 1mm. Thus, a camera with higher filming rate is required. While our Pixelink
camera holds the filming rate only between 10 ∼ 20 frames per second (fps), which is far behind
the requirement of the final design. Therefore, In order to detect high speed moving object as our
microfiber, a high-speed camera is needed. High-speed camera can always record fast-moving objects
as a photographic image onto a storage medium. Today high-speed cameras are entirely electronic
using either a charge-coupled device (CCD) or a CMOS active pixel sensor, recording typically over
1,000 fps into the memory unit [12].
However, even if the high speed camera is used in our control system, the image processing
speed will be another limitation during the implementation. High-speed image processing will also
be a request in this circumstance. This lead to high speed computer processing, which is difficult
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to achieve and determine during the process of system implementation. In fact, any factor in the
whole implementation of this method would lead to a significant influence of whether the proper
result can be obtained under a condition as our fast moving microfiber. Also, to use a high-end and
expensive high speed camera only to measure a comparative simple motion like our microfiber turns
out to be an avoidable waste.
Another applicable choice of camera refers to the linear camera. Linear cameras are also
called 1-D cameras, it is applicable in many computer vision systems. The 1-D signal linear cameras
provide is easier and faster to process than 2-D images and the current size of a linear cameras can
already be suited for tasks as inspection that do not involve high-level processing [17]. However,
the linear camera tends to be large in size, making it inconvenient to incorporate into our system.
Also, the ambient light in the environment introduces noise that disturbs the processing results, and
affects the accuracy of the camera. Due to those reasons, we seek some other solution based on the
same idea of linear camera and will take less space for actual implementation.
The other choice for an effective optical sensing is to use the optical-based method. The
optical-based method relies on optical sensor as its signal input and transforming unit. An optical
sensor is a device that converts light rays into electronic signals. Similar to a photo-resistor, it
measures the physical quantity of light and translates it into a form reads by electrical instruments.
Usually, the optical sensor is part of a larger system integrating a measuring device, a source of light
and the sensor itself [4].
One ability of the optical sensor is to measure the changes from one or more light beams.
This change is most often based on alterations to the intensity of the light. When a phase change
occurs, the light sensor acts as a photoelectric trigger, either increasing or decreasing the electrical
output, depending on the type of sensor. Since the optical sensor uses the light as its way of detecting
the movement of an object, for the nature point of view, no physical object can exceed the speed of
light, then in theory, the optical sensor is able to detect any kind of motion [20].
An optical sensor usually consist of a transmitter and receiver for physical position detection.
The transmitter gives out the light signals for the receiver of the microfiber, and the receiver input
the light signal emitted by the transmitter and changed by the microfiber. Nowadays, the optical
sensors have two major forms with respect to different ways to place the transmitter and receiver.
One form places the transmitter and receiver side by side, and one form places the transmitter and






Figure 1.5: Side by Side Optical Sensor
For the optical sensor that places the transmitter and receiver side by side. Both the
transmitter and the receiver are placed on one holder to make sure a robust output every time. The
microfiber should be placed next to the transmitter and receiver at a certain range, as shown in
Figure 1.5.
When the microfiber is placed in the detecting range of the sensor, the transmitter will
flashing the the light onto the object to lead to a reflection of light from the object itself. The
receiver will then sense the variation of light due to the reflection of the object, and then output a
change in voltage. The principle of this kind of sensor uses the concept of light reflection to create
the difference of the current before and after the object is placed or moved in the range that is
detectable by the receiver [1].
For the optical sensor that places the transmitter and receiver face to face. The position
for both of the transmitter and the receiver may not be fixed. The concept of this optical sensor is
that the transmitter shines the light onto the microfiber to create a shade, by detecting the shade of
the light the receiver is able to detect the change in current. Thus, the transmitter and the receiver
should be face to face in the physical position, as shown in Figure 1.6. Nevertheless, the distance
between the transmitter and the receiver are adjustable to make a different output even if the same
object is in the detecting range of the sensor.
Compared with the first form of optical sensor, the detecting range for this optical sensor
will always be smaller. Though, in actual application this kind of optical sensor is more often used




Figure 1.6: Face to Face Optical Sensor
and continuous compared with the first form. We select the second form of the optical sensor as the
design concept of our sensing system, it is most likely to meet our requirement for the microfiber’s
requirement of detecting fast movement as well as inputting position signal and outputting electrical
signal [1].
1.4 Outline
This thesis presents a sensing system with the purpose of measuring the microfiber model’s
position data and transform it to electrical signal. Chapter 2 includes the detailed information for
the design of the sensing system. Chapter 3 examines the effectiveness of the sensing system and
presents the experimental results produced by the sensing system. Chapter 4 reviews the design





This chapter covers a great detail of the actual implementation of our sensing system. First,
we talk about how we select the transmitter and receiver for our sensing system. We introduce the
concept that using the optical based sensor to get the position signal of an actual object from the
physical point of view. It is based on the 5mm White Clear LED and Industrial IF-D92 Photo-
transistor respectively. The LED will be used as the transmitter and the photo-transistor will be
used as the receiver of the optical sensor. The sensor that built by these two components as the
core part can detect the movement of tiny objects in real time. For our test we use microfibers that
will be used in the microfiber control system with different diameters. For the first implementation
we just need to directly connect the photo-transistor with a supply voltage that allows the proper
work of the photo-transistor as well as powering the LED to let it emit out a visible light. Then
we put our microfiber between photo-transistor and the LED. We move the microfiber manually
while observing the change of the voltage between the collector port and the emitting port of the
photo-transistor through an oscilloscope. For the second implementation we use a current to voltage
converter consists of an operational amplifier to directly output the current from the emitter port
of the photo-transistor as well as amplify it to a clearly detectable voltage. Second, we put 5 photo-
transistors in a specific bundle to increase the detecting range of our sensing system. we also add
in the modulation and demodulation process using timers and filters in the circuit to eliminate the
noise that may possibly occur in the environment other than the light emitted from the LED. We
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design a circuit board connecting the timer to the LED to achieve the modulation, and filters to the
photo-transistor to achieve the demodulation. The circuit board also puts the same power supply
for every component and gets rid of the noise that occurred by the circuit itself. At last, we use
xPC target to acquire the output of our sensing system, and design a PCB to complete the whole
sensing system.
2.2 Sensor Model
As discussed in the Section 1.3, the idea that uses the optical sensor as the transmitter and
the receiver be placed face to face will be mostly suitable for our application. The general idea of






(c) Top View (d) Isometric View
Figure 2.1: Face to Face Sensing System Application
Figure 2.1 shows the general model of the sensing system with its transmitter and receiver
as well as our microfiber from different angles. The transmitter first transmit light signal onto the
receiver. Then, once the microfiber is placed or moved in the range of the receiver, it will cause a
variation of light signal that is transmitted onto the receiver, in another word, causing shade from
the light. Thus, the observer is able to observe the change and output a change in electrical signal.
Notice that for future convenience we will make the transmitter be fixed in one position,
and the receiver adjustable in 3 dimensional direction parallel to the view of the Figure 2.1a to ??
shown in Figure 2.1. This will allow us more accuracy when observing the shades of the microfiber.
We have built our sensing system with the transmitter and the receiver face to face, the
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actual situation that may happen is that when the microfiber is much smaller compared to the light
source (i.e. the 5mm LED), the model of the sensing concept relates to a physical representation
of light with non-point light source. For a non-point source of light, the shadow is divided into the
umbra and penumbra. The farther away the light source is, the more blurred the shadow will be.
If two penumbras overlap, the shadows appear to attract and merge. This is known as the Shadow
Blister Effect [15].
By considering the actual dimension of the model after our implementation, we are able to
take more detail observation of the actual influence that Shadow Blister Effect will take into our
sensor model. Figure 2.2 shows from the same angle of the top view of our sensing system model as
Figure ??, considering the actual dimension of our model, our LED is acting as a non-point source.
The umbra (Latin for “shadow”) is the innermost and darkest part of a shadow, where the
light source is completely blocked by the occluding body. The penumbra (from the Latin paene
“almost, nearly” and umbra “shadow”) is the region in which only a portion of the light source
is obscured by the occluding body. An alternative definition is that the penumbra is the region
where some or all of the light source is obscured (i.e., the umbra is a subset of the penumbra). For
example, NASA’s Navigation and Ancillary Information Facility defines that a body in the umbra
is also within the penumbra [16].
Figure 2.2 shows the general range of the actual dimension in our already implemented
model. Theoretically, Umbra, Penumbra and Antumbra all exist in the area behind the microfiber
in Figure 2.2 when the light shines on it. In that case, Penumbra and Antumbra caused the shielding
of the light on the fiber optic cross-section. This, in result, leads to the change of the electrical voltage
level of the receiver. Furthermore, as the change of the position of the Penumbra and Antumbra,
the voltage will be changed.
When taking the actual dimension of our model into count, the case can be different. In fact,
when the light source is far away from the real object, and when the object is too tiny compared to
light source. In that situation, the width of the Penumbra, in Figure 2.2 shown as I, will be closed
to the diameter of our microfiber, which is about hundreds of micrometers. Thus, compared to the
width of the Antumbra, the width of the Penumbra can be neglectful.
By showing all the dimensions we can also conclude that the umbra will not be a considerable
disturbance for our receiver, while comparing the dimensions of light source and the object. Then










Figure 2.2: Transmitter and Receiver Top View(with actual dimension)
Penumbra. Thus 2I+J ≈ J = S. Knowing that, we can find out the relationship between the width
of the shade and the distance between the microfiber and the light source or the distance between
the microfiber and the receiver.







Thus, by the equation above we conclude that when H increases or G decreases, the width
of the shade S increases, that is to say, when the distance between the transmitter and the object is
large, the shade that observed by the receiver will be large, and when the distance between the object
and the receiver is small, the shade that observed will be small. Acknowledge this, by adjusting the
distance between the microfiber and the receiver, we are able to get the receiver output to a good
range that gives us the full observation of the movement of the microfiber.
2.3 Component Selection
We use LED as the transmitter to get a bright and clear light for the receiver. The LED
we used for our transmitter is 5mm diameter LED with white clear light whose wavelength range
from 500 to 900nm, shown in Figure 2.3. For the first implementation, we make sure that the LED
is working in a voltage range from 3 ∼ 5V . This gives us bright clear white light observable for
the receiver. We made a holder by laser cutter using acrylic to hold the LED to a fixed position in
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relates to the receiver and the microfiber. The LED with the holder is shown in Figure 2.4.
5mm LED
Figure 2.3: White Clear 5mm Diameter LED
Acrylic LED Holder LED
Figure 2.4: LED Holder with LED
The photo-transistor we use for our receiver is a combination of fiber optic and industrial
photo-transistor IF-D92. The IF-D92 is a NPN photo-transistor detector housed in a ”connector-
less” style plastic fiber optic package. Optical response of the IF-D92 extends from 400 to 1100nm,
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making it compatible with our visible white light and near-infrared LEDs. The detector package fea-
tures an internal micro-lens and a precision-molded PBT housing to ensure efficient optical coupling
with standard 1000um core plastic fiber cable.
By mating the IF-D92 with the 1000um core jacketed plastic fiber optic cable we can extend
the distance between the photo-transistor and the other end of the fiber optic to make up the whole
receiver. This is shown in Figure 2.5.
Phototransistor
Fiber Optic
Figure 2.5: Phototransistor Mating with Fiber Optic
The idea of the implementation of the receiver is that: for one end of the fiber optic, we
use it to receive the light and the shade that is created by the LED and varied by the microfiber.
For the other end of the fiber optic, we mate it with the photo-transistor IF-D92 to lead to the
photo-transistor’s change of current while it is supplied with stable power. Since IF-D92 is an
electrical component, it is able to output the electrical signal directly through its metal pins. Thus,
the photo-transistor will be plugged in the circuit board for signal output. Noticing that fiber optic
is able to transmit communication signal as long as 1050m. Therefore, it does not matter how long
the distance will be in our implementation of the receiver.
Holders is also made for the fiber-optic end to make it to a fixed position. The holder is
mounted on 3 caliper-based stages that are capable to move the optic end in 3 dimensions. The
stages and the holder holding the fiber optic end is shown in Figure 2.6.
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By adjusting the stage A and stage B, we are able to move the receivers in vertical and
horizontal direction to ensure the microfiber be covered in the sensing range of the receivers. By
adjusting stage C, we are able to approach or distance the receiver to or from the microfiber, this
lead to the value of G and H in equation (2.1) to be changeable.
The general implementation of the transmitter and the receiver is the shown in Figure ??.
It gives us a basic idea of the sensing end of the whole sensing system. By putting or changing
the actual position of the microfiber and adjusting the stages we are able to measure the position
information of any non-transparent object.
2.4 Basic Circuit
After setting up the signal sensing end of our sensing system. We are going to output the
signal from the phototransistor and display it to see whether the sensor works as expected. By
referring on the data sheet of the IF-D92 phototransistor, the supply voltage between the Collector




Figure 2.6: The Fiber Optic End with the Stages
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To ensure the proper working condition of the IF-D92 as well as avoiding the possible damage when
the supply voltage gets closed to the maximum rating, and after some in board circuit test, we choose
the Collector Emitter Voltage to be 6V, which makes the phototransistor work properly under our
condition. Moreover, voltage that is too large may not be benefit to the phototransistor since the
variation of the output depends mostly on the value of the luminance that it received from the fiber
optic end instead of the supply voltage. Breakdown voltage is also a considerable factor when we
select the supply voltage since the actual breakdown voltage between the Collector and the Emitter
might be lower than the maximum rating of the Collector Emitter Voltage.
The most simple circuit implementation of the phototransistor is shown in Figure 2.8. The
voltage supply simply gives the voltage that makes sure the proper work of the phototransistor.
By adding the resistor R1, the output current of the phototransistor is able to be transformed to
voltage output detectable by electrical measuring instruments. We use oscilloscope is hooked onto
the output end of the phototransistor for output display, and the result is shown in Section 3.1.
As the simple implementation works fine, we can go on to make the electrical signal output
in a range that is more analyzable. Amplification is a commonly used idea that makes the electrical
signal reach a observable and controllable range in our case. Therefore, we built an amplification
circuit with an operational amplifier. This circuit achieves the purpose of converting current to
(a) Front View (b) Top View
(c) Left View (d) Isometric View
Figure 2.7: Canny Edge Detection
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voltage as well as adjusting gains to the output. It is called Current-to-Voltage Converter, its
simulated circuit is shown in Figure 2.9.
As is shown in Figure 2.9, the emitter port of the phototransistor is directly hooked to
the inverting port of the operational amplifier. The current-to-voltage converter directly reads in
the current coming out from the phototransistor. It then converts current to voltage with the gain
determined by the value of resistor R1. Thus, the current that flows out from the phototransistor is
going in the current-to-voltage converter to be transformed and output to a voltage signal. We can


































Figure 2.9: IF-D92 with Current-to-Voltage Converter
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decide the gain of the output voltage with the equation:






















Figure 2.10: Circuit with Huge-value Capacitor
To eliminate the noise from the input or other factor, we can add capacitors on both the
supply power of the phototransistor and the operational amplifier. However, gradually we will use
1 single power supply to give all the circuit the voltage, thus add in just one capacitor with a huge
capacitance should be enough for the circuit. In Figure 2.10, the capacitor added between the supply
of phototransistor and the ground is the capacitor that reduces the high-frequency noise that may
occur in the circuit.
2.5 Multiple Sensors
As is mentioned Section 2.3, we use the fiber optic as well as LED to get the position
information of the microfiber. However, the effective coverage of the fiber optic cross section is only
1mm in diameter. In other words, the observing range of the sensor is limited in an area with 1mm
width. That means any kind of reciprocating motion or movement of the object’s swinging cannot
overpass 1mm, otherwise, any outranged movement will not be detected.
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To make the sensor’s coverage range cover a effective range of the movement of the mi-
crofiber, we add more receivers to increase the coverage range of the sensor. This can be achieved
by putting 5 fiber optics lying in a bundle (shown in Figure 2.11). Thus, while the shade of the
microfiber is moving across those 5 cross sections of those fiber optics, the signal can be sensed
from 5 different phototransistors. This increases the width of the sensing range to 2mm on the
top row, 3mm on the bottom row and 2mm vertically. By the combination of the use of the fiber
optic holders, almost any kind of the reciprocating motion by the microfiber and a wide range of
movement of the microfiber can then be covered in with all 5 receivers in use.
Cross Section of 1 Fiber Optic Cross Section of 5 Fiber Optics Bundle
The Shade of the Microfiber
Figure 2.11: The Cross Sections of 5 Fiber Optics
By using 5 fiber optics, 5 phototransistors should also be used to receive the signal from
each of the fiber optic. Moreover, for each phototransistor, the circuit adhesive to it needs to obtain
the same purpose as well as output signals in a same level.
Another problem refers to process the signals that output by those 5 receivers. Each receiver
will output a unique signal, thus, we can treat the output as a unique signal source, the problem
refers to how to connected the signal of the 5 receivers together to represent the actual movement or
reciprocating motion of the microfiber. The method relates using a Test Run Table and k-Neareast
Neighbor Algorithm, which will be discussed in Section 3.4 and 3.5.
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2.6 Modulation and Demodulation
2.6.1 Concept
With the usage of our circuit, another thing should also be considered is noise eliminating.
The principle in this thesis we use, is to sense the position of the microfiber by shining light on the
object to create shade and use that shade to cause variation of change of luminance on the cross
section of the fiber optic connected with phototransistor. Thus, under a common lab environment
or any other similar environments, the unstable light condition in the environment or any change of
light closed to the sensor and the microfiber could be a huge interference to the final output we want.
Say, the shades caused by people who walks around the lab will cause considerable change of light
that will be received by the fiber optic. Since the movement of the microfiber can be slow as well, the
change of the light condition caused by the moving objects or other things in the environment can be
a significant disturbance to our output. Once these things happened, the output signal level will be
changed. Thus, we need to figure out one way to eliminate the possible noise from the environment.
One usual way to eliminate the noise from the environment that may be in the same rate
of motion as the signal itself is modulation and demodulation. The objective of modulation is to
transmit information through some communication medium, such as a telephone line or cable, with
a fixed minimum and maximum frequency. A message signal is created from the information and
used to control the parameters of a carrier signal – a signal that can travel over the selected medium
because it is within the minimum and maximum frequency. For example, amplitude modulation
(AM) is a technique used in electronic communication, most commonly for transmitting information
via a radio carrier wave [19].
A typical carrier signal might take the form of a sine wave. The message signal is used to
control either the amplitude, frequency or the phase of the sine wave to produce a different kind of
signal. When the message signal controls amplitude, it results in an amplitude modulation, or AM,
signal. When the message signal controls frequency, the result is a frequency modulation, or FM,
signal. When the message signal controls phase, it results in a phase modulation, or PM, signal. For
our optical method of sensor design, the change of the signal refers on changing in the luminance of a
modulated light, AM modulation will be the only choice. Also, to achieve the amplitude modulation,
there are many electronic components in the market which are able to compute high frequency carrier
waves up to 100kHZ.
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Figure 2.12 shows the concept of the Amplitude Modulation. The first wave is the original
signal waits to be modulated. The second wave is a high-frequency carrier wave signal. By multi-
plying the original signal and the carrier signal we will get the third wave, which is the amplitude
modulated signal. In our case, for the original signal (signal to be modulated in Figure 2.12), we
use a low frequency to present the movement or the reciprocating motion of our microfiber. This
movement or the reciprocating motion can be both fast and slow, but should stay within the range
of 0 ∼ 1000Hz if represented with frequency. The carrier signal will be high-frequency square wave.
Its frequency is selected as 50kHz, since almost nothing in the nature will have a frequency at that
rate. The reason why we select a quare wave other than sinusoid wave or triangular wave is because
in a analog circuit, a square wave can easily be obtained by some integrated circuit chip, which will
make the implementation of the circuit to be much more convenient.
By using amplitude modulation, the original signal is modulated by the carrier wave before
the signal transmission. Thus, any kind of noise in the nature world differs from the frequency of the
modulated signal can not disturb the signal itself. The whole process makes the signal be securely
transmitted to the receiver end to proceed the demodulation.
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Figure 2.13: Amplitude Modulation (Frequency Domain)
For further analysis, the frequency domain of the modulation system is shown in Figure 2.13.
The first axes shows the original signal with low frequency around 0Hz, that can be represented as
the motion of our microfiber. The second axes shows the signal after the amplitude modulation.
Notice after the modulation, the signal around 0Hz disappears, instead is the modulated signal with
its central frequency ωc the same as the carrier frequency. This is because after the multiplication
of the original signal and the carrier signal, the amplitude modulation signal will have the same
frequency as the carrier waveform. At the same time, the original signal is “carried in” by the
carrier signal, and be presented as the form of a signal envelope in the amplitude modulation signal.
Demodulation is the reverse process of modulation. It is used by the receiver to retrieve
the message signal and information in the signal. For example, an AM radio receiver demodulates
amplitude modulation transmissions contained within a certain minimum and maximum frequency,
which is the frequency allocated to a particular radio station. A modem will demodulate the signal
from another modem to turn an audible signal of high and low frequencies back into a series of
zeroes and ones that are assembled back into a digital computer file [19].
Common demodulation always consists three processes: bandpass the modulated signal,
23
demodulated the bandpass signal, and low pass the demodulated signal. These three steps are
shown in the block diagram in Figure 2.14. A, B, C and D in Figure 2.14 will be the signal after
each process, which will be discussed with Figure 2.15. Those three steps can be represented in
frequency domain to explain why demodulation can be accomplished by those three processes. The
progress in frequency domain is shown in Figure 2.14.
In the frequency domain, the modulated signal comes in the receiver (signal A in Figure 2.14)
is shown in the first axes. There will be a lot of other signal on the frequency domain along with the
modulation signal. Those other signals can be determined as the noise comes from the environment.
When all the signals come in, the first step of demodulation is to use a tunable bandpass filter to
roughly filter out other noise that is “far” from the modulation signal on the frequency domain. The
frequency response of the bandpass filter is shown in the second axes in Figure 2.14. The centering
frequency of the bandpass filter should equal or stay closed to the carrier wave frequency ωc. Thus,
the frequency that is closed to the centering frequency of the bandpass filter will be fully obtained
or amplified, and the other noise frequency will be faded or even cleared away. Notice that the
frequency response of the bandpass filter does not stay ideally at the point of ωc, especially in the
actual circuit, it is very difficult to be achieved.
After the bandpass filter, the noise frequency other than the carrier wave frequency will
be diminished as shown in the third axes in Figure 2.14 (signal B in Figure 2.14). There still will
be noise around the ωc that are not fully cleared away. The next step is to demodulate the high
frequency to the signal that has the same frequency as our original signal. This can be achieved
by a diode rectifier. After the rectifier the signal is able to be moved back to around the origin in
the frequency domain, and the fourth axes in Figure 2.15 shows the result after the signal rectified
(signal C in Figure 2.14).
The last step is to low pass the signal to get the pure low frequency signal carried by the
modulated signal, as the same as the original signal. While refers to the frequency domain, a sharp
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Figure 2.15: Amplitude Demodulation (Frequency Domain)
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pass filter, the fifth axes in Figure 2.15 is the frequency response of the a sharp enough low pass
filter. After the low pass process, we can finally get a signal shown in the sixth axes in Figure 2.15
(signal D in Figure 2.14) almost the same as the original signal before the amplitude modulation.
Therefore, all the process of the demodulation will now be accomplished with the recovering of the
original signal shown in the sixth axes.
2.6.2 System Simulation
Before the implementation of the actual circuit, the modulation and demodulation can first
be tested in Matlab for system simulation. By displaying the signal between each modulation and
demodulation section, as well as add in noise signal with different frequency we can take a better
observation of how the whole system will behave. We use Simulink in Matlab to implement the basic
system, the system diagram is shown in AppendixA.
2.6.3 Circuit Simulation
After examining the idea of modulation and demodulation in Matlab Simulink, the imple-
mentation of the circuit is now possible. However, before directly getting all electrical components
and draw the PCB board and print out, we can first simulate the actual circuit of the implementa-
tion to avoid possible error that may occur before change the system simulation to an actual circuit.
This simulation will be done by using Multisim 12.0 by National Instrument. In this subsection, we
will talk about each function in the circuit one by one, and explain how to modulate and demodulate
in the actual electrical circuit.
First, in Multisim 12.0, we do not have a function that is able to simulate the basic move-
ment of our microfiber. Thus, we use the signal when we explain the concept of modulation and
demodulation to denominate the movement of the microfiber. This process can be done by using
the Function Generator. The Function Generator in block diagram and its parameter is shown in
Figure 2.16.
We use the sinusoid wave with frequency 5Hz to present the movement of the microfiber,
this is because a continuous sinusoid wave is most similar to movement of the microfiber while it is
in movement.
For the modulation part, we will use a timer chip to achieve our goal of modulation carrier
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wave. The timer chip we will use in our circuit is 7555. 7555 timer IC is an integrated circuit
(chip) similar to the most commonly used timer chip 555. It can be used in a variety of timer, pulse
generation, and oscillator applications. The 7555 can be used to provide time delays, as an oscillator,
and as a flip-flop element. For astable operation as an oscillator, the free running frequency and the
duty cycle are both accurately controlled by two external resistors and one capacitor. Unlike the
regular bipolar 555 timer devices, 7555’s CONTROL VOLTAGE terminal need not be decoupled
with a capacitor. The circuits are triggered and reset on falling (negative) waveforms, and the output
inverter can source or sink currents large enough to drive TTL loads, or provide minimal offsets to
drive CMOS loads [7].
Another reason the 7555 timer chip is selected instead of the 555 timers is that, the bipolar
555 devices produce large crowbar currents in the output driver, it is necessary to decouple the
power supply lines with a good capacitor close to the device. However, 7555 devices produce no
such transients. This feature of 7555 provides great convenience for our actual circuit implementation
in the future and effectively avoid the noise generated by timer switching process to affect the whole
modulation and demodulation circuit.
In our circuit, we need a carrier wave with frequency up to 10k to 1000kHz, which can be
obtained by the 7555 timer oscillator circuit. We choose our carrier as a 50kHz square wave [6].
For the oscillator circuit, it is shown in Figure 2.17, this circuit is called astable oscillator.
U1 here is a commonly used package for 7555 called ICM7555CM. Depending on the datasheet of
ICM7555, the supply is chosen to be 12V to make sure the proper work condition of the 7555 chip.





























Key = Space 
R2
12kΩ
Figure 2.17: 7555 Circuit
Pin 2 and pin 6 are connected together allowing the circuit to re-trigger itself on each and every
cycle allowing it to operate as a free running oscillator. During each cycle capacitor C1 charges up
through both timing resistors R1 and R2, but discharges itself only through resistor R2, as the other
side of R2 is connected to the discharge terminal, pin 7.
The capacitor C1 charges up to 2/3VCC (the upper comparator limit) which is determined by
the 0.693×(R1+R2)×C1 combination and discharges itself down to 1/3VCC (the lower comparator
limit) determined by the 0.693× (R2×C1) combination. This results in an output waveform whose
voltage level is approximately equal to VCC − 1.5V and whose output ”ON” and ”OFF” time
periods are determined by the capacitor and resistors combinations. The individual times required
to complete one charge and discharge cycle of the output is therefore given as:
t1 = 0.693× (R1 +R2)× C1
t2 = 0.693×R2× C1
(2.3)
Where, R is in Ω’s and C in Farads.
When applied as an astable multivibrator, 7555 Oscillator’s output will continue indefinitely
charging and discharging between 2/3VCC and 1/3VCC until the power supply is removed. As with


















Figure 2.18: 555 Output Waveform
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independent on the supply voltage. The duration of one full cycle is therefore equal to the sum of
the two individual times that the capacitor charges and discharges added together and is given as:
T = t1 + t2 = 0.693× (R1 + 2×R2)× C1 (2.4)
The output frequency of oscillations can be found by inverting the equation above for the






(R1 + 2×R2)× C
(2.5)
By altering the time constant of just one of the RC combinations, the Duty Cycle better
known as the ”Mark-to-Space” ratio of the output waveform can be accurately set and is computed
as the ratio of resistor R2 to resistor R1. The Duty Cycle for the 7555 Oscillator, which is the ratio












(4.7k + 2× 12k)× 0.001× 10−6
= 50kHz (2.7)
Frequency at 50kHz meets our requirement. The reason why selecting R1 = 4.7kΩ, R2 =
12kΩ and C1 = 0.001µF is that depending on the value of resistors and capacitors sold in the
electrical market those values are the most commonly used standard values in relates to actual
products in the market.
Now we have both the carrier wave and the signal awaited to be modulated, all we need
to do is to multiply these two signals together to get the modulation signal. In Multisim 12.0, a
multiplier can obtain this purpose. Therefore, in Multisim, the modulation circuit is achieved in
Figure 2.19. While in the actual system, multiplication of two signals will be a problem. However,
in our system, we do not need to worry about the multiplication of the signals. As discussed in
Section 2.2, we use the LED as the transmitter to give out the light signal for the receiver. If we
add in the modulation in the system, the approach we will have is to use 7555 to shine the LED
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at a frequency of 50kHz. Of course, this frequency can not be seen by human eyes, however, it can
be detect by the receiver. Thus, while the microfiber is moving in the sensing range of the receiver,
the change of the signal is automatically multiplied by the carrier wave since the shadow created by
the microfiber is due to the light from the flashing LED. That makes the receiver receives a signal
that is already modulated with the frequency of the flashing LED. The signal that represents the
movement of the microfiber, in the rest of this thesis we call original signal, will now be included
with the carrier wave as a modulated signal. The original signal will be transformed with a form of

































1 V/V 0 V 
Y
X
Figure 2.19: Modulation Circuit
After the modulation, the next important part is demodulation. As we discussed in Section
2.1, the demodulation process can be divided into 3 steps: bandpass filtering, demodulation, lowpass
filtering. For each step, we will need actual electric circuits to obtain those purposes. First, we talk
about a approach to achieve the bandpass filtering.
In the old days, bandpass filter circuit is commonly used. It usually takes the combination
of lowpass and highpass op amp circuit to get the purpose. Figure 2.20 shows the bandpass circuit
built up by the lowpass and highpass op amp circuits. By connecting the op amp circuits in series
in the circuit the bandpass filter can be achieved. For this circuit, the bandwidth is adjustable while
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Figure 2.20: Bandpass Filter
However, these approach to built up a circuit will lead more difficulties in circuit debugging
and will unnecessarily take much more space for the PCB board, with which we need in order to
finalize the sensing system in the future. Moreover, in the electrical market nowadays there are
already integrated circuit products that have multiple filters build in a single chip. Therefore, if
we can find an integrated circuit chip that is able to achieve the goal for the bandpass filter, the
complicate implementation of the old-school op amp bandpass circuit could be avoided. Thus, space
will be spared for the other possible circuitries that may appear in the PCB board design.
The integrated circuitry we choose is MAX274. It is a continuous-time active filter consisting
of independent cascadable 2nd-order sections. Each section can implement any all-pole bandpass or
lowpass filter response, such as Butterworth, Bessel, Chebyshev, and is programmed by four external
resistors. It comprises of four 2nd-order sections, permitting 8th-order filters to be realized. Center
frequencies range up to 150kHZ, and are accurate to within 1% over the full operating temperature
range. Total harmonic distortion (THD) is typically better than -86dB. This filter operate from a
single +5V supply or from dual 5V supplies [21]
If we take a deep look into the internal circuitry of the MAX274, for the bandpass filter,
it will be exactly the same as the circuit shown in Figure 2.22. Both the bandwidth and gain are
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set with a single resistor each, this makes the bandwidth, gain, and center frequency completely
independent. Moreover, lowpass filter will also be obtained in this circuit with different pins of
output but same pin of intput. Thus, MAX274 filter IC will bring us a huge convenience while it
achieves both the purpose of bandpass filter and lowpass filter. By selecting proper value of the
external resistors we can set the centering frequency for the bandpass filter or the cutoff frequency







Figure 2.21: Bandpass Output
Figure 2.21 is showing the frequency response of the MAX274 when it is used as a bandpass
filter. Commonly, y axis is in 20 times log scale, measured in decibels(dB), and x axis is shown
with the frequency spectrum in log scale as well. However, in order to define some terms by using
Figure 2.21, we can treat both the axes in general scales. In Figure 2.21, HOBP means the gain
of the frequency while F = FO. FO is the center frequency of the bandwidth. We introduce Q
as the quality factor of the complex pole pair, and HOBP − 3dB (0.707HOBP ) as the frequency
that defines the bandwidth of the second-order banpass response. As is shown in Figure 2.21, the
bandwidth is denoted with lower limit frequency FL and upper limit frequency FH as FH − FL





In the MAX274 filter chip, quality factor Q, gain, and center frequency FO can be set with
external resistors RMs. Depending on the datasheet of the MAX274 filter. The calculation of those
factors are given as the equations below. Notice that here RM1 ∼ RM4 denotes 4 external resistors
required by the filter chip to complete a functional filter. Figure 2.20 also signifies all the internal
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MAX274 also provides Maxim’s Filter Design Software for calculation. This software allows
users to calculate orders and FO/Q pairs based on desired filter shape for Butterworth, Chebyshev,
Bessel types of filter. Users can also select gains for individual sections to provide desired overall
filter gain while maximizing dynamic range. By selecting resistors for each filter section, the software
will automatically calculate FO, Q and HOBP based on the value that is related to each external
resistors. Moreover, the software can plot filter response, phase, and delay. All the features above
will bring us a great convenience while calculating the output voltage level of the bandpass filter,
and leads to the further design of the rest of the PCB circuits.
To meet the requirement of our sensing system’s modulation frequency, the values of RM1 ∼
RM4 need to be properly selected. Centering frequency of the bandpass filter needs to stay around
50kHz. However, the centering frequency may not be exactly 50kHz because of the inflexibility of
the values of the resistors in the market, that is to say, to find the RM1 ∼ RM4 that exactly makes
the centering frequency of the bandpass filter may not be practical. In this situation, we select the
values of RM1 ∼ RM4 to calculate the FO to 50kHz as closed as possible. Therefore even not
strictly equals to 50kHz, FO will be comparatively closed to 50kHz. By doing this, frequency FO
that comes from the value of the external resistors RM1 ∼ RM4 will be closed to 50kHz as we
required. That frequency then will be amplified with the possibly greatest gain, and anything goes
“far away” from the 50kHz frequency will decrease significantly because of the fading of the gain in
the bandpass filter’s frequency response.
Figure 2.22 shows the schematic drawing of the internal component of MAX274 chip with
the external programming resistors RM1 ∼ RM4 (in Figure 2.22 as R1 ∼ R4) in Maxim’s Filter
Design Software.
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Figure 2.22: MAX274 Schematic
35











× (2× 109) ≃ 50000.62Hz = 50kHz (2.11)
The reason why we choose RM2 = 40.2Ω and RM4 = 34.8kΩ is that, it does not only give
a perfect FO to be 50kHz, but also 34.8kΩ and 40.2kΩ are the EIA Standard Resistor Value which
are commonly seen in market.






× 160kΩ× 5 ≃ 20 (2.12)
We choose RM3 = 160kΩ depending on the datasheet of the MAX274 filter that Q range is
better to not exceed 20. However, for a bandpass filter, the greater the Q value is the narrower the
bandwidth will be. Thus, Q = 20 makes sure the filter chip works properly and at the same time,
provides a good frequency response for getting rid of frequencies other than 50kHz.





This gives us a gain as 1V/V (dB). It means for every 1 Volt of input signal change, the
output change will also be 1 Volt. We did not vary the gain in the bandpass filter to change the
signal since we are going to implement some amplification stage after the bandpass filter in the
actual circuit. It will be detailed discussed in the future.
Figure 2.23 is the frequency response of the bandpass filter is plotted by the Maxim’s Filter
Design Software. It holds the peak value of the bandwidth (FO) to be 50kHz, just as expected.
Moreover, as we discussed before, the frequencies other than 50kHz are properly diminished, and
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the more it differs from 50kHz, the smaller it will be. However, in the actual implementation of
circuitries, no signal can be totally eliminated, the only thing to avoid noise is to diminish it as
more as possible, thus, it is the reason we select Q = 20 to ensure the maxim reduction of the noise
signals.
Figure 2.23: Bandpass Filter Frequency Response
The signal coming out from the bandpass filter will be centered around zero just as it is
discussed in Section 2.1. This signal has already excluded the interference of the noise different from
frequency 50kHz. This also indicates that any noise that goes into the circuit after the bandpass
filter will be a disturbance for the final output and should be avoided. Thus, while implementing
the actual circuit, we should pay additional attention that no noise goes into the circuit after the
bandpass filter. The signal that comes out from the bandpass filter will be included in Section 3.2
for further discussion.
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Depending on the modulation and demodulation concepts discussed in Section 2.1, after the
signal is bandpassed, the next step involves demodulate the signal. The purpose of the demodulation
process is to cut the negative part of the signal coming out from the bandpass filter. While one of
the most important step in the whole system is lowpass filtering, a demodulation is needed, for the
reason of computing analysable signal for the lowpass filter. To achieve the purpose of eliminating
the negative part of a signal, a simple and reliable method is by using a diode. The implementation










Figure 2.24: Absolute Value Converter
In Figure 2.24, the diode passes the forward flowing current from the “+” end to the “-” end,
and blocks the backward flowing current from the “-” end to the “+” end. A resistor is connected
between the “-” end of the diode and the ground, holds the purpose of driving current from the “-”
end of the diode and creates voltage. Thus, the positive voltage is kept as it is through the diode
and the negative voltage is eliminated.
Another important factor that need to be paid attention to with the diode is that, in the
real world, diodes has a specific property which is called the “Forward Voltage Drop”, usually named
with Vf . “Forward Voltage Drop” is the voltage drop between the “+” end and the “-” while the
diode passes the current. Thus, in the actual cases of circuit implementation, the diode will only
pass the voltage that is higher than Vf from the “+” end to the “-” end. For example, Figure 2.24
indicates how will the diode D1 passes the sinusoid wave Vin from its “+” end to Vout at its “-”


















Figure 2.25: Lowpass Filter
part of the signal and provides a signal that is ready for the lowpass filter to complete the whole
demodulation process.
In theory, the last step of the demodulation process is to restore the signal to the form before
it was modulated. This purpose will be achieved by a lowpass filter. A lowpass filter, indicated by
its name, is able to reserve low frequency signal while removing the high frequency signal. For a
signal that is modulated, the lowpass filter extracts the low frequency part of the signal from the
high frequency part, restores its envelope and output it.
In circuitry implementation, a lowpass filter can be built by op amp as simple as shown in
Figure 2.25. Figure 2.25 gives a 1 zero lowpass filter with the filter parameters determined by the
resistor R1, R2 and the capacitor C. Figure 2.26 shows the frequency response of the lowpass filter.










As we mentioned before when introducing the MAX274 filter chip, the MAX274 filter con-
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tains both bandpass and lowpass sections. If we review the internal structure of the MAX274 chip
again in Figure 2.22, we can find out the lowpass filter section in it shares the same structure









Figure 2.26: Lowpass Output
Figure 2.26 also shows the frequency response of the MAX274 when it is used as a lowpass
filter. HOLP here means the gain of the frequency while F = FP . FP is the cutoff frequency of the
lowpass response, and FC is used to denotes the lowpass bandwidth as 0.707HOLP . Q is the quality





The frequency calculation is still given as the equations below. Here RM1 ∼ RM4 denotes
















Moreover, we notice that in the lowpass filter, the cutoff frequency FP is the one that takes
the filtering into account instead of the centering frequency FO. From the MAX274 datasheet, the
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transform of FO to FC and FP are given by the equation below:


















To effectively get the final output of our original signal as well as reduce or eliminate the
environment noise, we choose to set the corner frequency of the lowpass filter to be less than 1000Hz,
which is a reasonable value to exclude a large range of high frequency noise in the environment and












× (2 × 109) ≃ 740.056Hz (2.20)
The value RM2 = 2.7MΩ and RM4 = 2.7MΩ determined the lowpass cutoff frequency to
be 740Hz, the reason why we choose those value is because within the reachable range of the EIA
Standard Resistor we want the corner frequency be as small as possible, such that to create more
reduction for the noise that may bring by the environment. In this situation, the quality factor
Q will not affect the output too much since the cutoff frequency has already been chosen with a






× 470kΩ× 5 ≃ 0.9 (2.21)
Thus, by equation 2.17,







We choose RM1 = 470kΩ as well. This makes the gain of the lowpass filter to be 1. Figure





Figure 2.27: Lowpass Filter Frequency Response
The modulation and demodulation process is now achieved on the circuit level. However,
implementation of the an actual electrical circuitry would far more complicated than just theoretical
discussion. Thus, this thesis gives detailed approaches to the application of the complete sensing
system of the microfiber in Section 2.7.
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2.7 Circuit Design
This section discussed the detailed information of the complete sensing system of the mi-
crofiber. Signal shifting and amplification method are introduced for moving system output in
detectable range. Real case problems while applying the whole sensing system into actual PCB
circuitries, such as power supply and noise eliminations, are also discussed in this section. A basic
implementation of the complete circuit is given to show the idea of the system. PCB design will be
shown in the Appendix C to present the PCB product of the sensing system in details.
2.7.1 Signal Shifting and Amplification
Now, for both the bandpass filter and the lowpass filter, their gain are selected as a fixed
value 1. The reason to do this is that once we implement the bandpass filter and the lowpass filter
in the actual circuit, a variable gain would easily result in the distortion of the final output, such as
saturation of the filter chip or uncontrollable variation of the gain. However, a fixed gain for both
the bandpass filter and the lowpass filter may also be a bad idea, because in that way, the final
output of the system turns out uncontrollable. While for the circuit design, approaches are needed
to keep the output of the whole system stay in a controllable range as well as detectable for the xPC
target machine we will use to get the sensing system’s output.
For the microfiber control system, the effective output will be the change of the electrical
signal while the microfiber is moving and being detected by the sensor. Thus, any constant current
or voltage level that input from the sensor or created by the electrical components can be redundant.
This is because if any amplification happens to the system in the future to increase the detectable
range of the change of the signal caused by the microfiber, along with this signal the systems
constant signal will be amplified. As a result, with both of the signals being amplified, limited
electrical component supply voltage will lead to the effective signal being saturated in real circuit
implementations. For this reason, an approach is needed to keep only the effective part of the signal
(the signal change caused by the microfiber), and be able to erase the constant signals. One way to
do this is to use a shifter circuit built upon op amps. The circuit is shown in Figure 2.28.
In Figure 2.28, on the inverting port of the op amp, R1 and R2 are selected with the same
value, that makes the op amp gain to be 1. On the non-inverting port, a voltage level Vs is added
by using a potentiometer dropping a controllable voltage created by another power source. The
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relationship of the intput and the output Vin and Vout are given as:
Vout = 2× Vs − Vin (2.24)
For our sensing system, the movement of the microfiber will cause a current change. Due to
the cause of the current change comes from the light been shaded by the shadow of the microfiber
in front of the receiver, the receiver detects a current dropping. As we mentioned in Section 2.4,
the current dropping will then be converted into a drop in voltage level by the current-to-voltage
converter. Thus, the purpose of adding the shifting circuit is to keep the voltage dropping and erase
voltage level below the voltage dropping which stays constant. For this reason, we plug this shifting
circuit after the bandpass filter and choose the power source V CC in Figure 2.28 be negative, this
approach allows us to shift the voltage level lower. Moreover, if we put the diode (as the rectifier in
the demodulation process) after the shifting circuit, as the rectifier holds the factor that passes only
the positive voltage and blocked the negative voltage, any voltage below 0V will then be erased.
This perfectly keeps the useful signal the only carried the change of the voltage dropping caused by
the movement of the microfiber.
After the signal is shifted, the useful part of the signal is reserved. Furthermore, signal needs





















Figure 2.28: Voltage Shifter
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Figure 2.29: Non-inverting Voltage Amplifier
A simple op amp non-inverting amplification stage (Figure 2.29 is able to meet the require-
ment. The gain of this non-inverting circuit is determined by the value of the resistor and the







Potentiometer POT shown in Figure 2.29 makes the gain of this amplifier adjustable. More-
over, the maximum value of POT needs to be carefully selected as well as selecting the value of R1,
because in the actual circuit the voltage supply of the op amp is limited and too large gain for this
circuit will result in the saturation of the output when its value exceeds the supply voltage that the
op amp can take.
We put this amplifier stage before the lowpass filter, since we mentioned the lowpass filter
in the demodulation process has a gain equals to 1. As a result, the lowpass filter extract the low
frequency signal which represents the movement of our microfiber and output it without amplifi-
cation. The circuit for the sensing system is then finished, by putting all the circuit together, the
whole sensing progress is presented in Figure 2.30.
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2.7.2 Power Regulator
In most of the electrical products with a PCB boards, there are two basic ways of supplying
power. One is by batteries and the other is by power adapters. Both of the method will provide
stable DC power within a reasonable selection of values. However, the main disadvantage of battery
is its easy to die away, which leads it needed to be changed all the time. AC adapter can always
provide a stable level voltage and lasts for a long time as the adaptor is working properly. Moreover,
putting batteries on a PCB board will take a whole lot of space and unnecessarily increase the size
of the board, while a AC adapter only needs a relatively small space to put its port jacket on the
board. Considering all those situations, we decided to choose the AC adapter as our power supply.
Nowadays most of the AC adaptor in the market is not able to provide a steady enough
voltage and has a poor ability to reduce or eliminate noise that comes from the power grid. In
that situation, when applying the AC adaptor in a PCB board, a power regulator should also be
applied to ensure the proper working condition of the board. The purpose of the power regulator
is to stabilize the DC voltage of the power for the power supplies and be able to reduce any noise
from the power source [5].
The regulator chip we use in our circuit is MCP1804, it is a family of CMOS low dropout
voltage regulators that can deliver up to 150mA of current while consuming only 50µA of quiescent














Figure 2.30: Sensing System
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Figure 2.31: Power Regulator
Ceramic, tantalum or aluminum electrolytic capacitors can all be used for input and output.
Over current limit with current foldback to 40mA (typical) provides short-circuit protection. A
shutdown (SHDN) function allows the output to be enabled or disabled. We choose the output
voltage of MCP1804 as 12V to meet the requirement of our circuit. The Vout can be thus used as
the input of our whole circuit. One thing to notice is that once the power supply is under 12V,
the regulator will not work, it will remain the voltage which is provided by the power supply. Once
the power supply surpass 12V, the regulator will be in a working condition and provide a constant
12V voltage not matter what the value of the power supply is as long as it does not overpass the
limitation of the regulator.
2.7.3 Power Splitter
In our circuit, we will use some chips operate only in a condition with two power supply V+
and V−, for example, the MAX274 filter chip. However, for all the power supplies nowadays the
output voltage is a single track. Thus, we need to figure out a method to split the power supply into
2 tracks from the single 12V input. The circuit we use is a simple operational amplifier application
shown in Figure 2.30.
The operational amplifier is acting like a buffer. It has lower output current than the buffer,
but unlike an open-loop buffer it has feedback so it has low output impedance. Depending on
the simulation results we had before, our current on the rest of the circuit will overpass 30mA,




















Figure 2.32: Power Splitter
is single supply voltage feedback amplifier offer high speed (130MHz), low distortion (−62dBc),
and exceptionally high output current (approximately 75mA) at low cost and with reduced pwoer
consumption when compared against existing devices with similar performance.
By the circuit in Figure 2.3, we are able to generate a virtual ground. Compared to the V+
and V− (the voltage drop between V+ and V− is 12V provided by the power supply), it will have
a difference of 6V for each one. Thus, the virtual ground can be used as the ground in our circuit
when a ”ground” voltage level is needed. Thus, by setting the virtual ground as the reference, V+
will be +6V and V− will be −6V , which meets the requirement for all the chips(op amp chips and
filter chips) that will be used in the rest of the PCB board.
All the rest of the circuit will be the same as the ones we talked about in 2.7.1. We will use
1 transmitter circuit and 5 receiver circuits on the PCB board design. The design drawing of the





In order to test the validity of the sensing system we discussed in Chapter 2, the microfiber
model is tested on this sensing system. In this Chapter, the testing results of implementation of
every stage of the system will be presented. First, the testing result of the circuit that contains only
the phototransistor as the receiver end of the sensor will be presented to show whether the sensor
behaves to work properly. Second, results will be presented for both modulation and demodulation
circuit to indicate the effectiveness modulation and demodulation that is taking effect on the signal
received by the receiver. Oscilloscope results for the modulated signal, received signal, bandpass
signal, rectified signal, and lowpassed signal will be shown as the proof. Thirdly, after applying all
5 channels of sensing circuits, a simple movement of the microfiber in front of all 5 receivers will be
used to test the results of all 5 sensing channels. Results taken from xPC target machine will be
presented to show how all 5 channels behave. Next, results for all 5 sensing channels will be used to
reconstruct the actual position of the microfiber using “Test Run Table” and k-Neareast Neighbor
Algorithm. Lastly, rectification for the final output will be discussed, before all the data being used
by the controller of the microfiber.
3.1 Basic Sensor Test
Before applying the whole complicate circuit discussed in Chapter 2 to compute the final
output of the sensing circuit. A simple implementation of circuit that contains only the photo-
transistor (as the receiver) can first be tested in order to ensure the receiver is in proper status of
49








Figure 3.1: Phototransistor Test Circuit
As shown in Figure 3.1, O1 represents the phototransistor, which is the first link of the
sensing system. Since we are using IF-D92 as the phototransistor, the allowed supply voltage ensures
its proper working condition is from 0.2V to 30V . O1 is now supplied by 6V voltage, R1 is a resistor
be used to drive the current through the phototransistor to the ground and transform it to voltage
Vout. Thus, Vout is detectable by signal measuring instruments such as oscilloscopes.
Figure 3.2 shows the read-in measured by our Tektronix TDS3034B oscilloscope of Vout. We
supply the signal transmitter (the LED) with a constant value of voltage that ensures it is turned
on and emits large enough luminance which can be detected by the phototransistor. In Figure 3.2,
oscilloscope detects the voltage coming out from the phototransistor (Vout), and shows the voltage
generated by the LED luminance is 3.72V . Noticing that the value of the voltage depends on the
resistance of R1, since it only transforms the current though the phototransistor to voltage.
The test result from Figure 3.2 shows the receiver in the circuit is receiving some luminance
properly. Moreover, in order to test whether the movements of the microfiber is observable by the
receiver, the microfiber is forced under the electromagnet to move across the cross section of the
receiver as shown in Figure 3.3. This movement of the microfiber causes a drop of current through
the phototransistor, the current drop is proportional to the area of the shades that covers the cross
section of the receiver, and then be transformed as the a drop of voltage in Vout by R1 and be
measured by the oscilloscope. In the middle of Figure 3.2, we observe a variation of voltage in Vout,
and that is caused by the same movement that is shown in Figure 3.3. The shade of the microfiber
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first moved in the receiver’s cross section, leads to the drop of the voltage in Vout, and then moved
out of the cross section, which recovers the voltage to the level as receiver receives only pure light
from the transmitter.
This test proves the capability of the phototransistor’s capability of detecting luminance
change caused by the microfiber’s movement. Thus, IF-D92 can be used as the first link of the
Movement of the Microfiber
Figure 3.2: Oscilloscope Reading
Microfiber
Receiver’s Cross Section
Figure 3.3: Microfiber Movement
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sensing system for measuring signals that is caused by the position change of the microfiber.
3.2 Modulation and Demodulation
After testing the capability of the first link of the sensing system – the phototransistor in
Section 3.1. Modulation and Demodulation circuits will now be added into the sensing system. This
section includes the results taken from Tektronix TDS3034B oscilloscope and indicates the progress
of modulation and demodulation. xPC target machine is not used to get the readings from the
process of modulation and demodulation. The reason refers to the maximum sample rate of xPC
target reaches 10kHz, which is considerably lower than modulation carrier wave which is chosen to
be 50kHz.
3.2.1 Modulation Result
As we mentioned in Section 2.6.3, 7555 time chip generates the modulated carrier wave
as well as providing supply power for the transmitter. Refer to the circuit shown in Figure 2.17,
ICM7555 PORT 3 outputs the carrier square wave with frequency 50kHz. The carrier wave is shown
in Figure 3.4.
As indicated in Figure 3.4, in the 20.0µs per block time scale, the oscilloscope shows the
carrier wave holds the frequency around 50kHz, just as we expected with the calculation described
in Section 2.6.3. With the voltage level as high as 3.26V indicates in the figure, this carrier wave
can also be used to supply the transmitter. In this situation the carrier wave is generated by the
transmitter connecting with the timer chip, the transmitter shines the light at frequency 50kHz.
Once the microfiber is placed in front of the transmitter and be received at the receiver end.
The position signal which presents the microfiber is automatically modulated with the carrier wave
and will be generated a as electrical signal flowing in the rest of the sensing system’s circuit started
from the IF-D92 phototransistor.
3.2.2 Demodulation Result
After IF-D92 phototransistor sensed the modulated signal, a Current-to-Voltage converter
will transform the current to voltage ready for the bandpass filter. The circuit is discussed in
Section 2.4 and shown in Figure 2.9, it takes the current from the phototransistor and transform it
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to the voltage signal before it goes into the bandpass filter. Figure 3.5 shows the output from the
Current-to-Voltage converter after the phototransistor received the modulated signal.
Figure 3.5 also contains the microfiber movement that we introduced while we test the
simple phototransistor circuit in Figure 3.3. However, the movement of the microfiber is now carried
in the modulated signal, it appears as a form of signal envelope just as it is shown in Figure 3.5.
This indicates that the signal is successfully modulated with the 7555 timer chip and be properly
received by the phototransistor.
Once the modulated signal be imported into the bandpass filter, the whole progress of
system demodulation starts. Figure 3.6 shows the signal coming out from the MAX274 bandpass
filter. The data is still gathered by the oscilloscope and be presented with the 20µs time scale.
Signal shown in Figure 3.6 proves after the bandpass filter, signals are centered around
0V . However, notice in Figure 3.4, the carrier wave is a 50kHz square wave generated by the 7555
timer chip, while in Figure 3.6 the modulated signal turns into a 50kHz sinusoid wave. This signal
distortion is caused by capacitance in the LED which transmitted the luminance. In the real world,
we use LED to turn on and off at 50000 times per second to simulate a 50kHz carrier wave, but
turning the LED on and off is impeded by its own capacitance. In another word, the light from
Figure 3.4: Oscilloscope Reading
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Movement of the Microfiber
Figure 3.5: Modulated Signal
Figure 3.6: Bandpassed Signal
54
the LED is not generated at the expected level instantly after turning the LED on and off, it takes
time to increase gradually and reaches the expected level for certain period of time. This change
is usually too fast to be observed through human eyes, so in common situation when we turn on
the LED and we think it is on immediately, but compared to the 50kHz square wave generated
by the 7555 timer, the switching time can be slower and then results in a distortion. Though, this
distortion will not be a disturbance of the demodulation progress as long as it stays in the same
frequency. Just as it is indicated in Figure 3.6, the signal still stays at the frequency of 50kHz.
After the bandpass filter, the signal is shifted, rectified and amplified. Here we show the
signal after all those steps in Figure 3.7. In this signal, all the negative voltage were erased and the
voltage level is increased to 4.52V , which is much higher than the signal detected by the phototran-
sistor.
Figure 3.7: Rectified Signal
Figure 3.8 shows the lowpassed signal. In theory, a lowpass filter keeps the envelope of the
modulated signal and passed away the carrier wave signal just as we describe in Section 2.6. In that
way, the lowpass filter extracts the original data from the modulated data and returns it to the form
it used to be before modulation.
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Movement of the Microfiber
Figure 3.8: Lowpassed
Same movement for the microfiber in Figure 3.3 is presented in Figure 3.8. Compared to
the signal before modulation shown in Figure 3.2, the lowpassed signal clearly represents the signal
that is detected by the receiver with the microfiber moving in front of it. This signal then will be
treated as the final output for the modulation and demodulation progress. Thus, modulation and
demodulation is verified and proved to work under our condition of experiment.
3.3 Result of Five Sensor Channels
Refer to the concept introduced in Section 2.5. 5 sensing systems will be included in one
PCB board. All 5 receivers are placed con-plane with the their cross section aligned in a bundle in
the positions shown in Figure 2.11. For testing all 5 channel’s output, we use the 3 stages (shown in
Figure 2.6) to adjust the receiver bundle to a proper position which allows the microfiber be able to
move in front of all 5 receivers. Figure 3.9 shows a simple movement of the microfiber moving in front
of all 5 receivers. The microfiber is controlled by a electrical magnet with constant electromagnetic
force. First it stays in the sensing range of receiver 1, gives the sensing Channel 1 a read-in data.
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Then with the electromagnetic force it gradually moves across all 5 receivers’ cross sections and stays
in the range of receiver 3, and at the same time, touches the electromagnet. During which time, all 5
receivers detects the movement of the microfiber and causes readings. Next, the output signal from
all 5 channels are transmitted to a 8 Channel Quanser Board connected with xPC target machine,
all signals will then be used for the further reconstruction of the actual position of the microfiber






Figure 3.9: All 5 Channels
Figure 3.9 shows how those 5 receiver in our sensing system be placed in a bundle. In order
to relate the output for each channel to each receiver, we name the receivers as the numbers shown
in Figure 3.9. Therefore, all 5 sensing channel are named Channel 1 to Channel 5 given by their
receiver number. Figure 3.10 is the result when the movement by the microfiber is done by the
microfiber and the data are transferred in to the xPC target.
In Figure 3.10, all 5 channels of sensing system detect a change in their output, which means
all 5 channels are all in working condition. Combining all 5 outputs, the major change in voltage
happens in between the time 3.6s to 3.8s. It indicates during this period of time, the microfiber is
moving in front of all 5 receivers. If we refer on the naming in Figure 3.9, we can easily find out that
the motion of the microfiber shall start in the range of Receiver 1 and stops in the range of Receiver
3. In that case, we pick the point of the time that the major change occurs in Channel 1 and the
point it ends in Channel 3, therefore between those two points the full motion of the microfiber is
covered by all 5 channels. We draw only the output of all 5 Channels between those two point and
put them in 1 picture. It is shown in Figure 3.11.
Depending on the output from Figure 3.11, the 5 Channels output can be used as the data
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Figure 3.10: All 5 Channels Output




































Figure 3.11: Valid 5 Channel Output
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to represent the position data of the actual microfiber. The reconstruction will be discussed in
Section 3.3, a “Test Run Procedure” will be used as the method to reconstruct the position data
of the microfiber and a “Nearest Neighbor Algorithm” will then be used for the calculation of the
microfiber’s position with all 5 sensors output.
3.4 Microfiber Position Reconstruction
From the previous Sections, we successfully output electrical data from all 5 sensors channels
through xPC target machine. Therefore, with those 5 channels output, the actual position of the
microfiber can be reconstructed. However, to first reconstruct the actual position of the microfiber,
we need to know how to denote the microfiber’s position with mathematical parameters. In the first
place, we will introduce several parameters that signify the microfiber’s position.
In section 1.3, we mentioned the image-processing based method to determine the position
data of the microfiber. The image-processing based method detects the tip of the microfiber, which
largely helps to determine the actual position of the whole body of the microfiber. Therefore, for
our circuit based on 5 channel sensing system, determine the tip of the microfiber would be a valid
way to represent the actual position of the microfiber. However, during the implementation of the
receiver end of the sensing system mentioned in Section 2.5, the position of all 5 channels’ receivers
are pre-fixed with a position during the experiment of measuring the microfiber’s movement. The
reason to do this is to ensure all 5 channels receive effective data caused by the movement of the
microfiber. This limits the position of all 5 receivers and makes the detecting of the tip of the
microfiber be in-sufficient.
However, one specific feature for the microfiber model is that its base will never move no
matter what movement happens to the body of the microfiber. Thus, the base of the microfiber is
fixed with a single set of coordinates. Moreover, for the microfiber, it is continuous along its length,
which makes the body of the microfiber be closed to a straight line. Therefore, by combining the
coordinate of the base of the microfiber with the angle the body line of the microfiber to the vertical
line, the tip position of the microfiber can be predicted. Figure 3.12 illustrates the parameters which
can represent the position of the microfiber.
In Figure 3.12, (xT , yT ) denotes the actual coordinate of the microfiber tip. (xB , yB) denotes
the coordinate of the microfiber base, which stays the same value no matter how the body of the
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microfiber moves. We define θ̂ as the angular displacement from the tip of the microfiber to its base.
θ denotes the the actual angular displacement of the body of the microfiber to its base. Notice that
the microfiber is equivalent to a rigid bar and its body model could be treated as a straight line in
the figure. Thus, the relationship between θ̂ and θ can be approximately equal:
θ̂ ≃ θ (3.1)
Therefore, depending on the trigonometric functions, there is a following relationship:
tanθ =
| xT − xB |
| yT − yB |
(3.2)
Thus, θ can be used to denominate the position of the tip of the microfiber with the flowing
relationship:
θ = arctan(
| xT − xB |
| yT − yB |
) (3.3)
Moreover, since the microfiber’s base is fixed in one position, we can use the Pixellink-2200
camera to measure its coordinates through pixel based pictures. Therefore, the statement of how
to relate the 5 channel sensing output to the position data now has become a problem of how to
evaluate the value of θ from all 5 channels of output.
Now, we discuss an approach to reconstruct θ with the read-ins of all 5 sensor channels. In
the process of reconstruction, a specific scheme will be introduced, the main idea of the scheme is:




Figure 3.12: Microfiber Position Denotation
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first, we do a test run by moving the microfiber in front of all 5 channel’s receivers as well as output
their results before get any readings from the sensing system. Then, we use test run results rectify
sensing results to θ, implement k-Neareast Neighbor Algorithm to find the closest θ with the actual
reading of the 5 channel results when we applying results from the sensor in practical experiments.
We call this progress the “Test Run Procedure”, to explain more specifically, the detailed steps of
the “Test Run Procedure” is given with the following steps:
1. Do a test run for all 5 sensing channels while the microfiber is in a uniform motion that
covers all 5 receivers, read in the sensor outputs. At the same time, record the the initial position
and the last position of the movement of the microfiber with the Pixellink-2200 camera. Write down
the coordinates for both the microfiber’s tip and base in both positions. To illustrate the idea, we




Figure 3.13: Microfiber Initial and Final Position
Figure 3.13a denotes the microfiber in its initial position and Figure 3.13b denotes the










2. Use the xPC target to record the number of samples given by the time while microfiber’s
movement is read by all 5 sensing channels. Due to the microfiber is in a uniform motion, all θ
values from θ1 to θ2 can be divided by the the same number of samples to present every single θ
value that in relates to every set of 5 sensor readings. Therefore, for each set of value read in by 5
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sensing channels, there is a corresponding θ to indicate the position data of the microfiber. As we
mentioned in Section 3.3, Figure 3.11 shows the results of all 5 sensing channels with the effective
movement of the microfiber. Figure 3.14 uses the same data of sensor readings as y axis, and draw
in relation with the θ values as x axis.







































Figure 3.14: Valid 5 Channel Outputs vs. θ
An index table will be established with the data shown in Figure 3.14. The table contains
6 columns of data, column 1 to 5 will be the reading for Channel 1 to 5, and column 6 will be their
corresponding θ values, we name it Lookup Table in the rest of this thesis. Hence, the test run
is completed and in the next steps, the “Lookup Table” will be used for every single set of sensor
output to reconstruct the actual value of θ.
3. At this point, all 5 sensing channels will be in use for actual experiment of measuring θ.
Notice that in real cases, all 5 channels read-in data will not be exactly the same in the Lookup Table
due to the unavoidable noise in nature. That is to say, most of the time, the corresponding value of
θ will not be found since the output of some channels have changed. Therefore, we implement the
k-Neareast Neighbor Algorithm to calculate the closest value of θ from each set of data output by 5
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sensing channels.
The k-Neareast Neighbor Algorithm is amongst the simplest of all machine learning algo-
rithms: an object is classified by a majority vote of its neighbors, with the object being assigned to
the class most common amongst its k nearest neighbors (k is a positive integer, typically small). If
k = 1, then the object is simply assigned to the class of that single nearest neighbor. [14]
In our case, refer to the Lookup Table, for each value of θ, we will have 5 values of sensor
output for 5 channels, as shown in the following table.
Five Sensing Channels Ouputs Corresponding θ Values
S11 S21 S31 S41 S51 θ1
S12 S22 S32 S42 S52 θ2







S1i S2i S3i S4i S5i θi
We indicate the sensor read-ins as the following notations:
Sk =
[
S1k S2k S3k S4k S5k
]
(3.5)
represents the output from Channel 1 to Channel 5, and θk represents each θ value to the 5 sensor
values.




X1 X2 X3 X4 X5
]
(3.6)
By the definition of k-Neareast Neighbor Algorithm, we need to find the value that is closest to the
current read-in data from the sensors.
Since for each set of Sk that holds 5 values, we can treat the data set of Sk as a 1×5 matrix,
and use 2-norm distance to calculate the closest set in Sk to Xk. The 2-norm distance definition is
given below:





Therefore, by computing 2-norm distance, we can get the current sensor output’s matrix
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< S1, X1 > θ1
< S2, X2 > θ2
< S3, X3 > θ3
...
...















For all the distance of the current sensor output to the data in the Lookup Table, the
smallest one will be the one with the 5 channel output that is the closest to the current sensor
output. In order to avoid error read-ins, we pick five such smallest distance values and denote them
with θk,1, θk,2, θk,3, θk,4 and θk,5, and then calculate their average value:
θo =
θk,1 + θk,2 + θk,3 + θk,4 + θk,5
5
(3.9)
As a result, we use θo as the θ value that computed by the current sensor read-ins Xk.
Because we pick 5 θ values that holds the smallest 2-norm distance, we can also call this method
k-Neareast Neighbor Algorithm with K = 5.
When comes to this step, the procedure of measuring θ values with all 5 channel sensor
output is competed. Results will be shown under different circumstances of microfiber movement
controlled by the different form of force from the electromagnet, in order to test the capability of
the reconstruction procedure.
Figure 3.15 shows results of the movement of the microfiber under the force while the
electromagnet is controlled with “step” control input. The initial set value for the θ is given in
Figure 3.15, and the output after the comparing with the Lookup Table and k-Neareast Neighbor
Algorithm is shown as well.
Figure 3.16 is the result after changing the electromagnet force to a “sinusoid” curve. The
initial set value is also shown as a comparison to the final θ value that rectified by the sensing system.
As a result, the θ comes from all the steps above, can be used as the position data of the
microfiber for the controller implementations. However, notice that while building the Lookup Table,
we assume the microfiber moves in a uniform motion and average it with the number of samples
same as the sensor read-ins. While in the actual situation, uniform motion can not be obtained, and
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Figure 3.15: θ Calculation Under “Step” Force





















Figure 3.16: θ Calculation Under “Sinusoid” Force
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the movement of the microfiber is instead, under a constant force from the electromagnet, moving in
a linear motion with very little constant acceleration. Therefore, we need some further rectification
for the θ value that comes out from the procedure.
This rectification can be done after implementing the controller for the electromagnet. In
Figure 3.15, step input is effecting on the electromagnet, this input makes the microfiber stay at
different positions compared to the surface of the electromagnet under the force produced by the
electromagnet. Thus, we use the Pixellink-2200 camera to take pictures of the microfiber at every
different position under different electromagnetic force and record the tip position of the microfiber.
Then, we use Equation 3.3 to calculate the angle value of microfiber tip to microfiber base θ′ as well
as using sensing channels to take measurements and output θs. At last, we build another lookup
table to rectify θs with θ′s by using Matlab Simulink block “1-D Lookup Table”, we name the result
after the rectification θ̊.
After all the processes discussed above, the θ̊ is the final output of our sensing procedure,
and it can finally be used to implement the controller for the electromagnet. In Figure 3.15 and
Figure 3.16, θ̊ values are also included. θ̊ can be finally used as Feedback(f) in the microfiber control




The goal of this thesis was to present a sensing system based on optical sensing, and highly
correlated with the microfiber model as our testing model to show whether the system works and
how it works. These goals are achieved as shown in Chapter 2 and Chapter 3. Chapter 2 gives the
detailed information of how to build the whole sensing system, Chapter 3 presents the experimental
procedure of measuring and reconstructing the position data for the microfiber model, and provides
testing results to show the behavior of the system.
The sensing system is built depending on the concept that phototransistors are able to
transfer the optical signals to electrical signals, which enable position information to be detectable
by relating it with the optical signal. We first use simple circuit to ensure the proper working
condition of the idea that phototransistor can be used as a sensing receiver for the microfiber. Then
we apply a more complicated version of sensing circuit using 5 phototransistors as sensing receivers
and add in a sensing transmitter to help to provide a measurable microfiber’s position data. Those
5 receivers make sure the movement of the microfiber model is fully covered, so that every possible
position of the microfiber can be represented as optical signal and be transformed to electrical signal
by the phototransistors. An amplification circuit is also implemented to amplify the output signal
of those phototransistors to increase the electrical signal to a detectable range.
Modulation and demodulation circuits are also added in the circuit to ensure noise from the
environment be reduced and eliminated in most part. The modulation is achieved by a ICM7555
timer chip, and the demodulation is achieved by the combination of MAX724 filter chip, diode recti-
fier and op amp circuits. After the demodulation process the electrical output is used to represent the
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movement of the microfiber, and be input to a xPC target machine for position data reconstruction
and the final output.
Results are given to prove the capability every part of the circuit in Chapter 3. We also
showed the experimental results input by the xPC target machine and discussed the approach to
reconstruct the position data of the microfiber by the xPC target input. Finally, position data
reconstruction results are provided with the comparison to the data that controls the movement of
the microfiber by the electromagnet. This system is therefore applicable for the microfiber control
system, and may also be applicable in the conditions that the microfiber holds fast movements and




Appendix A Modulation and Demodulation System Simula-
tion
The purpose of the simulation of the modulation and demodulation process is to show
whether the concept of the modulation and demodulation will work well in our sensing system. In
Matlab Simulink, we are able to generate the signal with the frequency that is similar to the real
system. Also, Simulink allows us to add in noise at rate of frequency, which can help us to simulate
the noise signal from the environment. Thus, by adding the noise in the system we are able to tell
whether modulation and demodulation process fulfill the goal to eliminate the noise from the the
environment.
A Simulink diagram is drawn in Figure A1, the diagram contains both the modulation
section and the demodulation section.
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Appendix B PCB Design
Table of Components


















LED1 led 5mm white clear 55DEG



























Figure 1: PCB Board Top View
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Figure 2: PCB Board Bottom View
74
Bibliography
[1] Robert M Allen, Aaron Cleveland, Marius Batrin, Richard W Wilkinson, and Michael Harring-
ton. Apparatus and method for feeding and conveying items, March 12 2013. US Patent App.
13/795,821.
[2] K. Benjamin and G. M Farid. Automatic Control Systems, volume 4. John Wiley & Sons New
York, 2003.
[3] D. Daniel, C. Christopher, and T. Josef. Optical sensor, August 8 1995. US Patent 5,438,986.
[4] E. Future. What are an optical sensor and an optical switch?
http://www.futureelectronics.com/en/optoelectronics/optical-sensors-and-switches.aspx, 2007.
[5] E. Gerald. Input line voltage compensating transformer power regulator, August 9 1977. US
Patent 4,041,431.
[6] B. Howard and L. DJ. 555 Timer Applications Sourcebook, with Experiments. HW Sams, 1978.
[7] I. Inc. GE Intersil Application Handbook: Excellence in Signal Processing and Control Integrated
Circuits. Intersil, Inc., 1985.
[8] R. Ingemar. Fast erosion and dilation by contour processing and thresholding of distance maps.
Pattern Recognition Letters, 13(3):161–166, 1992.
[9] C. John. A computational approach to edge detection. Pattern Analysis and Machine Intelli-
gence, IEEE Transactions on, (6):679–698, 1986.
[10] V. John and M. Robert. Driven shielding capacitive proximity sensor, November 24 1992. US
Patent 5,166,679.
[11] B. Larry. Capacitive sensors. Ann Arbor, 1001.
[12] R. Mark. High-speed camera, March 28 2008. WO Patent 2,008,036,081.
[13] C. Michael, B. Tamara, S. Carl, and S. Robert. A new perspective on magnetic field sensing.
Sensors Peterborough, 15:34–47, 1998.
[14] A. NS. An introduction to kernel and nearest-neighbor nonparametric regression. The American
Statistician, 46(3):175–185, 1992.
[15] G. Philip. Is faster than light travel or communication possible.
https://www.math.ucr.edu/home/baez/physics/Relativity/SpeedOfLight/FTL.html, 1997.
[16] B. PN, W. Schmidt, and S. Steinegger. On the umbra-penumbra area ratio of sunspots. Solar
Physics, 129:191–194, 1990.
75
[17] H. Radu, M. Roger, and L. Boguslaw. Linear camera calibration. In Robotics and Automation,
1992. Proceedings., 1992 IEEE International Conference on.
[18] C. Robert. Edn’s hands-on project. EDN, 48(5):50–64, 2003.
[19] G. Savo. Modulation and demodulation. Adaptive WCDMA: Theory and Practice, pages 123–
146, 2003.
[20] K. Stanislav, Z. Aleksei, and S. Michael. Photonic-crystal fiber as a multifunctional optical
sensor and sample collector. Optics Express, 13(9):3454–3459, 2005.
[21] Z. Tao. Application study of active filter ic max274/275 [j]. Control & Automation, 7:058, 2005.
76
